Photoionization cross section by Stieltjes imaging applied to coupled cluster Lanczos pseudo-spectra J. Chem. Phys. 139, 094103 (2013) (2013)] to the calculation of total photoionization cross-sections of molecules in electronically excited states. The method is based on the ab initio description of molecular electronic states within the many-electron Green's function approach, known as algebraic diagrammatic construction (ADC), and on the application of Stieltjes-Chebyshev moment theory to Lanczos pseudospectra of the ADC electronic Hamiltonian. The intermediate state representation of the dipole operator in the ADC basis is used to compute the transition moments between the excited states of the molecule. We compare the results obtained using different levels of the many-body theory, i.e., ADC(1), ADC(2), and ADC(2)x for the first two excited states of CO, N 2 , and H 2 O both at the ground state and the excited state equilibrium or saddle point geometries. We find that the single excitation ADC(1) method is not adequate even at the qualitative level and that the inclusion of double electronic excitations for description of excited state photoionization is essential. Moreover, we show that the use of the extended ADC(2)x method leads to a substantial systematic difference from the strictly second-order ADC(2). Our calculations demonstrate that a theoretical modelling of photoionization of excited states requires an intrinsically double excitation theory with respect to the ground state and cannot be achieved by the standard single excitation methods with the ground state as a reference. © 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Photoionization cross-sections from atoms and molecules in their electronic ground states have been widely studied and described in numerous experimental and theoretical works.
1 On the other hand, experimental characterization of photoionization processes starting from electronically bound excited states can be very demanding since the initial states in this case are usually unstable and their lifetime due to radiative 2 or non-radiative decay (vibrational relaxation of the excited electronic state to lower energy electronic states due to vibronic coupling, e.g., at conical intersections) 3 varies from nanoseconds to a few tens of femtoseconds, respectively. Experimental measurements of total photo-absorption cross-sections of electronically excited systems are scarce and mostly concentrate on near-threshold atomic photo-absorption as well as do the theoretical calculations. 4 Recently, however, due to the advent ultrashort laser sources in few-femtosecond and attosecond domains, 5 it has become possible to perform pump-probe experiments with time resolution fully sufficient to "look inside" the shortest lifetimes of the molecular excited states. 6 This development opens the possibility of studying coherent electron dynamics in microscopic systems on its natural few-femtosecond or sub-femtosecond time-scale. A basic pump-probe experiment of such kind would consist of an excitation of a molecule with a short pump pulse to form an electronic wavepacket of the ground and a series of excited states, which is probed with a delayed ionizing XUV pulse. Broad-band XUV absorption by such a wavepacket is governed by interfering ionizations from distinct bound states into the same continuum state. As a result, the ionic yield (or the transient absorption strength) shows modulation as a function of the pump-probe pulses time delay, allowing one to follow the wavepacket dynamics. Very recently, an experiment of such kind has been indeed performed, 7 and the interpretation of the experimental results was given using the time-dependent density functional theory (TDDFT).
Modelling the pump-probe experiments of the type of Ref. 7 requires phase information for the description of interference between the excitation-ionization pathways and cannot be achieved using cross-sections. However, calculation of cross-sections of the plausible intermediate (excited) states of these schemes can teach us a lot about the level of the ab initio description required for the full modelling. To this end, in the present work we extend the algebraic diagrammatic construction (ADC)-Stieltjes-Lanczos method developed by us for the ground-state total photoionization cross-section 8 to photoionization of electronically excited states. Using a hierarchy of ab initio methods of the ADC family to calculate photoionization cross-sections of the first two excited states of CO, N 2 , H 2 O, we find that contrary to the ground state photoionization, the single excitation ADC(1) method is not adequate even for a qualitative description of the cross-sections and full inclusion of the double excitations is essential. This general feature is traced to the omission of a class of possible final states within the single excitation scheme and thus has immediate implications on the accuracy of any single excitation method for the excited state photoionization. The rest of the article is organized as follows. The relevant aspects of the ADC approach to electronic excited states are presented in Sec. II. Section III is devoted to the discussion of the calculated molecular excited states photoionization cross-sections obtained by of CO, N 2 , and H 2 O molecules. Conclusions are given in Sec. IV.
II. ADC-STIELTJES-LANCZOS METHOD FOR MOLECULAR PHOTOIONIZATION CROSS-SECTIONS
We consider photoionization within the vertical transition approximation, i.e., assuming that molecular geometry is fixed and does not change in the course of the electronic transition. In this framework, the cross-section can be viewed as the probability of one-photon absorption leading to a state in the electronic continuum. In the case of randomly oriented molecules, the expression for the nth excited state photoionization cross-section in SI units is given by
where
is the oscillator strength density and E =¯ω is the photon energy. Within the dipole approximation in the length gauge, the oscillator strength is given by the dipole matrix element between the nth excited state ( n ) and the final continuum state ( E ) of the N-electron system
where the final continuum states are normalized to δ-function in energy
A. ADC schemes for the excited states
Within our approach to photoionization cross-sections, 8 the initial and final states of the process are described by the ADC ab initio schemes. 10 The ADC schemes for excited states of closed-shell systems were originally derived as approximations to the polarization propagator, based on an algebraic reformulation of its diagrammatic perturbation theory. The ADC(n) polarization propagator is complete up to order n of perturbation theory in the electron-electron interaction and also includes higher-order diagrams in the form of infinite partial (incomplete) summations. 11 It was later recognized 12 as being interpretable as a wave-function method as well. In fact, ADC establishes a connection between propagator and wave-function methods. The latter interpretation comes from the explicit construction of the intermediate states representation (ISR) that gives rise to the ADC form of the propagator providing an alternative approach to the hierarchy of the ADC schemes. 12, 13 The starting point of the ISR-ADC approach is the construction of the so called correlated excited states (CES), defined as
where the operatorsĈ † I denote the physical excitation operators corresponding, respectively, to 1p1h, 2p2h, etc., excitations,Ĉ †
and | 0 is the exact correlated ground state of the system. This non-orthogonal CES basis set is complete in the space of the excited states of the N-electron system and it can be orthonormalized in a two-step procedure which consists first in Gram-Schmidt orthogonalization of each excitation class with respect to all the lower excitation classes and second in symmetric orthonormalization within each excitation class. In a compact notation, the excitation class orthogonalized (ECO) states can be written as
where S m yx is defined as
is the projector operator onto the space orthogonal to the first m excitation classes. Finally, every intermediate state can be expressed as
where all the effects of the consecutive orthonormalizations are encoded in the new creation operatorsC † I . The ADC secular matrix is the representation of the shifted electronic Hamiltonian operatorĤ − E 0 in the ECO-CES space
At this point, Møller-Plesset perturbation theory is introduced to describe the ground state correlation, i.e., | 0 and E 0
in which the first order correction | 
Having this explicit expression for the excited states of the system the transition moments of the type m |D| n are given by
where D I J are the matrix elements of the dipole operator on the ISR many-electron basis set functions
The hierarchy of ADC(n) approximations is obtained for each order n by truncating the intermediate state manifold at some limiting excitation class and by simultaneously truncating the perturbation expansions for the included classes in a way consistent with the polarization propagator approach. Thus, in ADC(2) the perturbation expansion of the secular matrix elements and of the dipole matrix element extends through second, first, and zeroth order in the one-hole-oneparticle (1h1p) block, the 1h1p-two-hole-two-particle (2h2p) coupling block, and the diagonal 2h2p block, respectively. An extension of the ADC scheme, not strictly consistent with the polarization propagator and referred to as ADC (2) extended [ADC (2) x], is obtained by using the first order expansion for the 2h2p block that accounts for the couplings between the 2h2p intermediate states. However, the 2h2p block of the dipole matrix is treated again to zeroth order. The ADC(n) schemes are size consistent and compact relative to the corresponding truncated CI expansions.
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B. Stieltjes imaging applied to Lanczos pseudospectra
In our calculation, we use finite sets of square-integrable Gaussian single-electron basis functions. As a result, the computed molecular eigenstates in the continuum energy region are discrete and L 2 -normalized. Such states cannot be used directly in the photoionization cross-section computation [see Eq. (1)]. However, it turns out that the discretized continuum can be utilized for computing the spectral moments of the dipole oscillator strength (2) . Mathematical technique of Stieltjes-Chebyshev moment theory or Stieltjes imaging (SI) can then be used to reconstruct the true photoionization crosssection from a finite series of moments. 15 The SI technique can be seen as a practical and mathematically well defined procedure for renormalization and interpolation of the oscillator strength density, starting from a general discretized spectrum formed by energies and oscillator strengths obtained from an L 2 calculation. 16 The main computational bottleneck of SI in its original formulation 15 is the need to fully diagonalize the Hamiltonian of the system to extract the full spectrum of discretized final states. This effectively restricts the use of the technique to either small systems (e.g., atoms, diatomics) or to low-accuracy ab initio approximations for the photoionized states (e.g., single-excitation schemes). Indeed, Hamiltonian matrix dimensions for polyatomic molecules represented using high-quality single-electron basis sets in computational schemes going beyond single excitations easily exceed the millions, making these Hamiltonians not amenable to full diagonalization. This difficulty was realised very early on 17 and a series of solutions have been proposed. [17] [18] [19] In the previous works, 8 we showed that the full diagonalization bottleneck can be overcome by applying the SI procedure to the relatively low-dimension block-Lanczos [20] [21] [22] pseudospectrum of the full ADC(n) Hamiltonian. The Lanczos-Stieltjes approach has been proved efficient not only for the ground state photoionization cross-sections, but also for the autoionization widths of excited states. 23 Very recently, an analogous Lanczos-Stieltjes approach to ground state photoionization has been developed for the coupled cluster pseudospectra by Cukras et al. 24 Here, we would like to use the ADC-Lanczos-Stieltjes scheme for the evaluation of photoionization cross-sections of excited states.
C. Computational details
Construction of the ADC Hamiltonian matrices requires carrying out restricted HF calculations and transforming the electron repulsion integrals from the atomic orbital (AO) basis to the molecular orbital (MO) basis. Throughout this work, these tasks are performed using MOLCAS 7.6 quantum chemical program package. 43 The standard Gaussian basis sets used in the present study have been obtained from Ref. 44 . Kaufmann-Baumeister-Jungen (KBJ) diffuse Gaussian functions 45 are used to augment the standard basis sets for better representation of the discretized electronic continuum. We restrict the calculated cross-sections to the energy range of up to 100 eV, thus including valence-type excitations but excluding excitations of the core electrons. The computational procedure consist of building the ADC Hamiltonian matrix in the symmetry space to which the initial state belongs; block-Davidson diagonalization of the initial Hamiltonian to obtain the eigenvector of the initial state; construction of the ADC Hamiltonian matrix for the dipole-allowed final symmetry space; and finally the block-Lanczos diagonalization to obtain the final space pseudo-spectra. The transition dipole moments are obtained according to Eq. (13) by contracting on the fly the ISR dipole matrix with the fixed initial state eigenvector and the final Lanczos pseudospectrum eigenvectors. Stieltjes imaging procedure is executed in quadruple precision and the presented photoionization crosssections are obtained as interpolation of discrete values corresponding to several (up to five) successive Stieltjes orders, for which approximate stationarity of the results is achieved. For every molecule, we have used correlation consistent basis sets of the cc-pVTZ type. The reliable Stieltjes orders used in the calculations are typically from the order n = 5 up to the order n = 15. This gives some rough idea of the number of principal states and the energy resolution it is possible to achieve with our method.
III. FIRST EXCITED STATES OF H 2 O, N 2 , AND CO MOLECULES: PHOTOIONIZATION CROSS-SECTION RESULTS
The primary goal of this work is to extend the ADCLanczos-Stieltjes method for the ground state photoionization cross-section at the ADC(1), ADC (2), and ADC (2)x FIG. 1. Schematic representation of a two-step dipole excitation process within simple frozen orbital approach. In the first step, HF ground state is excited by dipole (i.e., a single-electron operator) to singly excited configurations (1h1p's), whereas in the second step each 1h1p can be excited to both 1h1p's and 2h2p's. levels of ab initio theory to the calculation of photoionization cross-section in electronically excited molecules, using the ISR representation of the dipole operator. The basic physical difference between the ground state and the excited state photoionization becomes apparent if one considers these processes qualitatively as transitions between single electronic configurations within the frozen orbital approach (see Fig. 1 ). Indeed, applying the Slater-Condon rules, 25 one can easily see that the HF ground state can only be excited into a 1h1p configuration, while a 1h1p excited state can be excited both to another 1h1p and to a 2h2p configurations. This simple qualitative argument suggests that inclusion of the 2h2p configurations into the photoionization theory is essential for the excited state processes. In what follows, we shall test the validity of this conclusion quantitatively.
In order to investigate how the different levels of ab initio theory work for the excited state photoionization, we have performed calculations for different excited states of three molecules: N 2 , CO, and H 2 O, one of which (N 2 ) has been investigated experimentally in Ref. 7 . The calculated vertical and (for CO and N 2 ) adiabatic ADC(2) and ADC (2)x excitation energies of the electronic states considered in this paper are reported in Table I , together with the corresponding experimental values (the basis sets used for the ADC calculations are reported further below). The lowestlying singlet excited state of water, 1 1 B 1 is a rapidly dissociating state, leading to the H( 2 S) and OH(X 2 ) formation as has been shown both experimentally 26, 27 and theoretically. 28 The next 1 1 A 2 excited electronic state of water is dipole forbidden and has been identified by electron-impact energy-loss spectroscopy. 29 The 1 1 A 2 state is also predicted to be dissociative and, similarly to the lower 1 1 B 1 state, is thought to be involved in the predissociation processes of higher lying states. 28, 30 Thus, Table I gives no adiabatic excitation energies for the water excited states.
The results we obtain for the vertical excitation energies are in a very good agreement with the experimental ones and constitute an improvement over the previously reported ADC results 31 due to the larger basis sets we use in this work. Our calculated adiabatic excitation energies are also in a good agreement with the experimental values, apart from the CO 1 1 − state, where a larger discrepancy is observed. It should be noted that ADC schemes are all based on HF solution of the ground state and their accuracy is expected to deteriorate at internuclear distances significantly larger than the ground state equilibrium geometry. Among the excited states considered here, CO 1 1 − state shows the largest distortion of the excited state geometry relative to the ground state one, and the available precise computations of the corresponding adiabatic transition energy are based on the multiconfigurational and multireference approaches. 32 For almost all excited states considered, the extended ADC(2)x does not lead to a clear improvement over ADC (2) , as could be expected for the states dominated by single excitations. The experimental-theoretical discrepancies in the vertical excitation energies of water (see Table I ) partly result from the assignment of the experimental value as the maximum of the band rather than its center of gravity (see Ref. 33 for the detailed analysis in the harmonic approximation). The discrepancies between the ADC and the experimental adiabatic excitation energies are affected by the lack of correction of the theoretical values for the zero point energy differences. Apart from the CO 1 1 − state mentioned above, our ADC results are found to be in a very good agreement with previous theoretical calculations of the vertical and adiabatic excitation energies, see Refs. 34 and 35. Figs. 2 and 3 show the total photoionization cross sections of the H 2 O molecule in the first 1 1 B 1 and the second 1 1 A 2 electronically excited states, as a result of the Stieltjes imaging technique applied to the pseudo-spectra obtained via full diagonalization of the ADC(1) matrix and block-Lanczos diagonalization of the ADC(2) and ADC (2)x Hamiltonian matrices in the dipole-allowed final symmetry spaces. Every cross-section reported in this work is drawn as a function of the photon energy, starting from the calculated photoionization threshold of the respective initial excited bound state.
The basis set employed, as well as the dimension of the ADC(2)x matrices and that of the Lanczos pseudospectrum space for which the convergence in the cross-section has been obtained are reported in Table II . In both cases, the crosssections have been calculated for two different nuclear geometries: the equilibrium ground state geometry and the lowest energy C 2v geometries for the lowest excited states of H 2 O as calculated in Ref. 35 . The latter geometries correspond to the saddle points of the dissociative full potential energy hypersurfaces of the excited water molecule.
At the photon energies close to threshold, all three methods give similar results for the cross-section, with the quantitative differences being comparable to those obtained for ground state photoionization. 8 However, throughout the >20 eV photon energy range at both geometries, the ADC(1) cross-section represents just a small fraction of the total one predicted by the ADC(2) and the ADC (2)x methods. The main cross-section peak is simply absent from the ADC (1) result. This inadequacy of the single excitation theory can be easily explained by our qualitative considerations (see Fig. 1 ). Indeed, the ADC(2) method produces a much larger cross-section because it takes into account the Slater-Condonallowed transitions to the doubly excited final states. The dramatic change in the cross-section profile occurring when going from the single excitation to the double excitation methods tells us that the photoionization channels leaving the molecular ion in an excited state are not only significantly, but are actually starting to be the dominant ones already about 10 eV above threshold.
Contrary to the situation with the ground state crosssections, 8 the ADC (2) cross-sections differ quite strongly from the ADC (2)x ones. Once the 2h2p final states become TABLE II. The basis sets employed, the dimension of the ADC(2)x matrices in the initial and in the final dipole-allowed symmetry spaces, and the dimension of the final space Lanczos pseudospectrum, for which the converged cross-section has been obtained, are reported for each molecular initial excited state studied in this paper. important, the interactions between the 2h2p configurations, first taken into account in the ADC (2)x method, start playing a role as well. Looking, for example, at the photoionization cross-section from the 1 1 B 1 state calculated at the ground state nuclear geometry we see that the ADC(2)x peak energy is shifted by around 8 eV with respect to the ADC(2) value. The difference is appreciable also in the 60-100 eV energy range in which the ADC(2)x cross-section is considerably lower than the ADC (2) prediction (see Fig. 2 ). The difference between the ADC(2) and the ADC (2)x results is even more appreciable in the cross-section from the 1 1 A 2 state (see Fig. 3 ).
In our previous ground state calculations, 8 we have used starting Lanczos blocks consisting of all 1h1p intermediate states, |˜ 1 , see Eq. (9) . In the present excited state calculations, this strategy is no longer the optimal one, because of the importance of the doubly excited configurations in the final states of the absorption process. Instead, we have found it beneficial to use a bigger starting block also consisting of the first N double excitations with the greatest dipole transition moments from the initial state, ˜ 2 |D| I n calculated at the ADC (2) level. In the case of the first 1 1 B 1 excited state of the H 2 O molecule, the latter approach with N = 100 leads to convergence after only 25 iterations, i.e., with 6025 Lanczos vectors in contrast with the previous (N = 0) approach where the Lanczos vectors used would be 15 665 (more than twice as much iterations). We have done every calculation reported in this work using both schemes for the initial block and we have checked that both cases lead to the same convergent cross-section. Unfortunately, when the strict ADC(2) method is used, the scheme including the 2h2p's into the initial block is not applicable, because the nature of the Hamiltonian matrix leads in that case to exact linear dependences in the Krylov space immediately after the first Lanczos iteration. This is due to the fact that the double excitations block in the strict ADC(2) method is diagonal, and therefore the result of the action of the Hamiltonian on any doubly excited state is a linear combination of this state and of all the 1h1p states it is coupled to. In other words, Hamiltonian action leads in this case to a state lying in the starting Krylov space.
Simple qualitative considerations (see Fig. 1 ) suggest that the central feature of the excited state cross-sections, namely, the importance of the double excitations, should not depend crucially on the molecular geometry. Our calculations performed at the saddle point geometry of the 1 1 B 1 excited water molecule (see Fig. 2 ) show that this is indeed the case. The dramatic differences between the ADC(1) and the doubly excited ADC(2)-ADC(2)x calculated cross-sections are still present at the modified nuclear geometry. The same turns out to be true for all the excited states cross-sections studied in this work. We nevertheless observe some modifications in the excited states ADC(2) and ADC (2)x cross-sections depending on the nuclear geometry; in the case of the water 1 1 B 1 state the main peak shifts of about 3 eV with respect to the ground state equilibrium geometry energy position value, both in the ADC(2) and ADC(2)x cross-sections. Differently with respect to the ADC(2) cross-section, where the peak maximum increases by about 5 Mb, the height of the peak in the ADC (2)x result at the excited state equilibrium geom- Table II for computational details.
etry shows a slight decrease. The cross-section dependences on nuclear positions show up a bit stronger in the 1 1 A 2 excited state, where both the ADC(2) and the ADC (2)x peaks are shifted of about 3 and 7 eV, respectively, with the ADC (2) height being increased of about 14 Mb while the ADC(2)x one being decreased by about 3 Mb at the excited state saddle point geometry (Fig. 3) .
In Figs. 4-7, we report the total photoionization cross sections, computed with the Stieltjes imaging technique applied to the full diagonalization pseudo-spectrum of the ADC(1) matrix and the block-Lanczos diagonalization pseudo-spectra of the ADC(2) and ADC(2)x Hamiltonian matrices, calculated fixing as starting state for the absorption process, respectively, the first 1 (2) ADC (2) Table II for computational details. (2)x matrices and that of the Lanczos pseudospectrum space for which the convergence in the cross-section has been obtained are reported in Table II . For all of these excited states, the calculations are computed at two different nuclear geometries, the ground state equilibrium one and the specific excited state equilibrium one as taken from Ref. 41 .
The difference between the ADC(2) and the ADC(2)x cross-sections at the ground state nuclear equilibrium geometry is even more evident in the N 2 and CO molecules than in water. However, in the excited states of the N 2 and CO (2) ADC (2) Table II for computational details. molecules studied in this work, we notice that, in general, the ADC(2)x cross-sections show smaller dependence, if any, with respect to the nuclear geometry in comparison to the strict ADC(2) ones. Therefore, the difference between the two methods calculated cross-sections tends to increase with distortion of the nuclear equilibrium geometry, even if not as much as it does in the case of the 1 1 A 2 excited state crosssection of water molecule. For all the four states considered, the ADC(2)x cross-section, in the nuclear ground state equilibrium geometry, exhibits a smaller peak at a lower energy with respect to the ADC(2) one, this behaviour being confirmed at different nuclear geometries as well. Apart from the near-threshold energy region, the ADC(1) cross-sections are found to be strongly suppressed in comparison with the ones calculated using double excitation theories. Qualitatively, one could expect a single excitation theory to fail starting from the energy region of the first satellite (2h1p-like) states of the ionized system giving rise to the 2h2p-like final photoionization states. For the molecules considered here, the satellites in the molecular ion spectra first appear about 10 eV above the ground state of the ion (see, e.g., Ref. 46) , and indeed in this energy region, the ADC (2)x results already differ strongly from the ADC(1) ones; on the other hand, the strict ADC(2) ones start to considerably differ from the single excitation theory results at slightly higher energies. (See Figs. 2-7.) 
IV. CONCLUSIONS
In the present paper, we have extended the ADCLanczos-Stieltjes method to compute photoionization crosssections of electronically excited molecular states. Comparison of the series of excited state cross-sections computed at the different levels of the ab initio theory led us to conclude that the single excitation ADC(1) method is inadequate for the description of the excited state photoionization even at the qualitative level. The reason for the inapplicability of the firstorder scheme is the double excitation (2h2p) character of many of the final states of the process. While this feature is fully expected on the basis of the simple Slater-Condon rule analysis, the extent to which the double excitations change the cross-section could be seen only in a quantitative study such as performed here. Our numerical results show beyond doubt that the full inclusion of double electronic excitations is absolutely necessary in order to produce even a qualitatively accurate photoionization cross-sections. Moreover, we have found that it is important to include the coupling between the double excitations into the theory. Indeed, within the ADC family of methods used here ADC(2)x leads to clear, substantial difference from the strict second-order ADC(2) theory for all molecules and all geometries considered. This is in sharp contrast to the ground state cross-sections, where ADC(2) and ADC(2)x results were found to be in much better agreement. 8 Since the doubly excited final states of the excited state photoionization are much better described by the ADC(2)x theory, we assume that the ADC(2)x cross-sections represent a major improvement over the ADC (2) results.
There is no reason to assume that the failure of the single-excitation theory for the excited state photoionization is unique to the ADC(1) scheme. Indeed, our results imply that any single-excitation (with respect to the ground state) method, such as configuration interaction singles (CIS), Tamm-Dancoff approximation (TDA), random phase approximation (RPA), linear response TDDFT, etc., cannot be expected to provide a correct description of the process. A separate issue is whether the non-perturbative TDDFT calculations, such as performed in Ref. 7 can describe ionization of a many-electron wavepacket consisting of the ground and a series of excited states. For the exchange-correlation functionals used in Ref. 7 , one would expect that in general the contribution of the double excitation relative to that of the singles is subject to non-physical constraints stemming from the single-determinant description and as a result the XUV ionization probability should not be given correctly. Indeed, artefacts arising from the single determinant character of the wave function have been extensively discussed in the context of the related time-dependent HF (TDHF) method. 47 However, if the exciting IR field can be considered as an adiabatic perturbation, the initial (approximately HF, i.e., single-determinant) ground state would physically evolve into a TDHF-like state under the influence of the IR field. XUV ionization of such an adiabatic TDHF state should be given correctly by the TDHF or TDDFT theory as long as the XUV intensity is in the perturbative regime. Whether or not these conditions are met by the experiment of Ref. 7 can be subject of a separate investigation. It is clear, however, from the present cross-section analysis that careful benchmarking of the performance of the non-perturbative TDDFT with various exchange-correlation functionals in the time-dependent modelling of excitationionization schemes is highly warranted. 
